This paper presents results of a numerical study on the thermal and thermodynamic performance of a high concentration ratio parabolic trough solar collector using Cu- Above a certain Reynolds number, further increase in the Reynolds numbers makes the entropy generation higher than that of a receiver with only the base fluid.
Introduction
The growing concerns of climate change and the need to keep the increase in temperatures below 2 o C relative to pre-industrial levels, to avoid the catastrophic effects of climate change from global warming, has increased the need to develop and deploy clean sources of energy [1] . It is globally accepted that the use of fossil based fuels has increased the emission of CO 2 to the atmosphere, the primary cause of global warming and climate change. To limit the emission of CO 2 , the rate of use of fossil fuels will need to be decelerated considerably, while the use of clean and renewable energy resources will need to be increased significantly. Of the available renewable energy resources, solar energy is shown to have significant potential to supply a significant portion of the world's energy demand [2] . Solar energy is generally widely available and can be harnessed with little or no impact on the environment.
Electricity generation using solar thermal systems is advantageous compared to electricity generation using solar photovoltaic systems, since it is easier to store heat than electricity.
With solar thermal systems, energy can be stored when the sun is out and dispatched during times when there is no sun. The parabolic trough system is one of the most commercially and technically developed of the available solar thermal systems. The parabolic trough technology accounts for over 90% of the electrical energy generated from solar thermal systems [3] . A recent list of parabolic trough based solar power plants and their respective capacities is provided by Jebasingh [4] .
To further reduce the cost of energy from solar thermal systems and make them cost competitive with that from coal power plants, several research and development initiates are still underway [5, 6] . With these research and development initiatives, the cost of electricity from these systems has continued to decrease. Moreover, with continued research and development efforts, the cost of electricity from these systems is predicted to become competitive with medium-sized gas plants in the near future [7] . With these advances, aperture sizes of parabolic trough systems are increasing, leading to high concentration ratio systems [6, 8] . With large aperture sizes, less drives, connections and controls are used leading to reduced installation, operation and maintenance costs. One of the large concentration ratio parabolic trough systems is the Ultimate Trough ® with an aperture of 7.5 m and a solar collector assembly length of 247 m [8] . This collector is expected to reduce the solar field cost by 20 to 25% [8] .
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As the concentration ratios increase, it can be expected that the receiver thermal loss and heat transfer irreversibilities will increase due to the high temperatures and temperature gradients at these high concentration ratios [9] [10] [11] . To improve the thermal performance of the receiver as the concentration ratios increase, heat transfer enhancement will play a significant role.
Already a number of studies have shown that significant improvements in receiver thermal performance can be obtained with heat transfer enhancement [12] [13] [14] [15] [16] . Selected studies on heat transfer enhancement techniques in parabolic trough receivers include: The use of inserts inside the receiver's absorber tube was investigated by Mwesigye et al. [16, 17] , the use of porous discs was studied by Ravi Kumar and Reddy [13] . In another study, Ravi Kumar and Reddy investigated the use of different fin configurations for heat transfer enhancement in a parabolic trough receiver [12] . Muñoz and Abánades [14] showed that using internal helical fins on the receiver's absorber tube, the absorber tube temperatures can be reduced between 15.3 and 40.9%. Song et al. [18] studied the performance of a parabolic trough receiver with a helical screw tape insert. From these studies, it has been shown that heat transfer enhancement improves receiver thermal and thermodynamic performance. The increase in heat transfer performance is attributed to improved heat transfer from the absorber tube to the heat transfer fluid with heat transfer enhancement as well as due to reduced absorber tube temperatures leading to reduced receiver thermal losses.
Recently, nanofluids have received considerable attention for use in heat transfer devices.
Nanofluids are simply engineered diluted colloidal suspensions of particles with sizes in the nanoscale range (less than 100 nm) in a base fluid [19] . Including nanoparticles in the base fluid significantly improves the thermal transport properties of the base fluid. The heat transfer performance achieved with nanofluids is shown to greatly surpass the performance with heat transfer liquids available today [20, 21] . The use of nanofluids has recently found applications in solar thermal systems. Javadi et al. [22] presented an extensive review on the performance of solar collectors using nanofluids. A recent review on the application of nanofluids in solar collectors was presented by Verma and Tiwari [23] . The extensive applications of nanofluids for solar energy applications can be seen from these reviews.
Several researchers have investigated the use of nanofluids in flat plate solar collectors, evacuated tube solar collectors and other non-concentrating solar collectors [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
A number of researchers have also investigated the use of nanofluids in parabolic trough systems. Taylor et al. [34] compared a nano-based concentrated solar thermal system with a conventional one. The efficiency was shown to increase between 5 and 10% with the use of 7 nanofluids. Waghole et al. [35] experimentally investigated the performance of a parabolic trough system with silver nanofluids in the absorber/receiver with twisted tape inserts.
Recently, Sokhansefat et al. [36] investigated heat transfer enhancement in a parabolic trough collector tube using a synthetic oil-Al 2 O 3 nanofluid for nanoparticle concentrations less than 5% and operating temperatures of 300 K, 400 K and 500 K. They showed that the heat transfer performance increases as the volumetric concentration of nanoparticles increases.
The heat transfer performance due to the use of the nanofluids was also found to decrease as the operating temperatures increased. In a recent study, Mwesigye et al. [37] numerically investigated the thermodynamic performance of a parabolic trough system with syltherm800-Al 2 O 3 nanofluid. The thermal efficiency of the system was shown to increase up to 7.6%.
From the reviewed literature, the potential for improved performance of parabolic trough systems with heat transfer enhancement is evident. In addition to improved receiver thermal performance, heat transfer enhancement is shown to reduce thermal strains in the receiver tube thereby improving its reliability [38] . The use of nanofluids for heat transfer enhancement of parabolic trough systems has not been widely investigated. Moreover, the performance of these systems will depend on the combination of nanoparticles and base fluid [40] . In this study, thermal and thermodynamic performance of a parabolic trough system using Cu-Therminol ® VP-1 nanofluid is investigated numerically. Moreover, the application of the second law of thermodynamics using the entropy generation method ensures that the irreversibilities in the receiver are accounted for. To the authors' best knowledge, the study of the thermal performance and the thermodynamic analysis using the second law of thermodynamics of a high concentration ratio parabolic trough solar collector using Cu-Therminol ® VP-1 nanofluid has not been done before.
Physical model
A parabolic trough system consists of a collector in the form of a parabolically shaped mirror that collects the incident solar radiation and reflects it onto a receiver tube that is placed at the focal point of the parabola as shown in Fig. 1 . is enclosed by a glass cover. In conventional receiver tubes, such as the ones used in power generation plants, the annulus space between the absorber tube and glass cover is evacuated to very low pressures of about 0.0103 Pa [3] to suppress the convection heat loss. In addition, the absorber tube is selectively coated, making it highly absorptive to lowwavelength incoming solar radiation, and with less emission of high-wavelength infrared radiation. The two-dimensional representations of the receiver's cross-section is shown in Fig. 2(a) . The receiver tube used in this study has properties similar to those of the Schott's PTR70 receiver [41] . The absorber tube outer diameter was taken as 80 mm and the glass cover outer diameter was 125 mm. The receiver thermal model can be represented by a thermal resistance network as shown in Fig. 2 (b) using the notation in Fig. 2(a) . There is heat transfer by conduction through the absorber tube inner wall at a temperature T ri to the absorber tube outer wall at a temperature T ro , then heat is transferred by combined radiation and convection through the annulus space between the absorber tube and the glass cover to the inner wall of the glass cover at T gi , then by conduction through the glass cover to the outer wall of the glass cover at a temperature T go and finally to the surroundings by combined forced convection and radiation. For a receiver whose annulus space is evacuated to very low pressures, the convective heat loss term between the absorber tube and the glass cover becomes very small and can be neglected [3] . Detailed thermal modelling and measurement of receiver thermal loss can be found in studies by Foristall [42] and Burkholder and Kutscher [9, 10] . In this work, the thermal and thermodynamic performance of the receiver is investigated numerically. The computational domain used for this purpose is shown in Fig.2(c) . Given the symmetrical nature of the heat flux incident on the receiver's absorber tube, only half the receiver is used in the numerical modelling. 
Energy equation
The Reynolds stresses in Eqs. (2) and ( 
In which k is the turbulent kinetic energy given by [43]  
The realisable k-ε model was used for turbulence closure [44] . The realisable k-ε model requires two additional equations for the turbulent kinetic energy (k) and turbulent dissipation rate (ε).
The transport equation for the turbulent kinetic energy is [43, 44] 
and the turbulent dissipation rate (ε) is given by [43, 44] 
Where G k is the production of turbulent kinetic energy given by
From Eq. (8), the production of turbulent kinetic energy (G k ) can be obtained as:
The eddy viscosity is given by
The details of the realisable k-ε and the detailed determination of C μ are given in ANSYS 
Determination of local entropy generation rates
Given the non-uniform distribution of the heat flux on the receiver's absorber tube, the entropy generation has been determined numerically and locally using the methodology proposed by Kock and Herwig [45, 46] . The entropy generation rates are determined from the known velocity and temperature fields obtained from the computational fluid dynamics analysis. Using this method, the entropy generation is determined as a sum of the heat transfer and the fluid friction irreversibility as
The entropy generation due to the fluid friction irreversibility (S ''' gen ) F is given by [45, 46] 
The first term in Eq. (12) is the entropy produced by direct dissipation and the last term is the entropy produced by indirect (turbulent) dissipation.
The entropy generation due to the heat transfer irreversibility (S ''' gen ) H , is given by [45, 46]   22 22 ( ) ( )
In Eq. (13), the first term is the entropy produced by heat transfer with mean temperatures and the last term is the entropy produced by heat transfer with fluctuating temperatures due to turbulence. In both terms, (λ) is the fluid thermal conductivity while (α), and α t in the last term are the thermal diffusivities.
Equations (11) - (13) To compare results of the numerical study with analytically obtained results, the expression presented by Bejan [47] can be used. The entropy generation is also a sum of the heat transfer irreversibility and the fluid friction irreversibility as [47] 
Where m is the mass flow rate, D is the tube diameter, q' is the heat transfer rate per unit length, Nu =hD/λ with h=q''/(T w -T bulk ), c f = (-dp/dx)ρD/2G 2 , with
and T bulk is the bulk fluid temperature (T inlet +T outlet )/2. The first term in Eq. (15) is the entropy generation 13 due to the heat transfer irreversibility, and the second term is the entropy generation due to the fluid friction irreversibility.
Thermophysical properties of the heat transfer fluid
The nanofluid used as the heat transfer fluid is made up of copper nanoparticles and 
The thermal conductivity is given by   
The specific heat capacity is given by   
The viscosity is given by a piece-wise polynomial. 
The thermal conductivity and specific heat capacity of copper are given by polynomials derived from property tables in Incropera et al. [39] as given by Eq. (21) and (22) . The density of copper was taken as 8 933 kg m -3 [39] .
The thermal conductivity is given by 4 2 8 3 441.6 0.17119 1.5446 10 7.2917 10
The specific heat capacity is given by 4 2 7 3 285.8 0.44631 5.2054 10 2.3958 10
The resulting Cu-Therminol ® VP-1 nanofluid will have properties that are dependent on the properties of both the nanoparticles used and the base fluid in which they are suspended. A single-phase model was adopted in this study to predict the thermal and thermodynamic performance of the parabolic trough receiver with Cu-Therminol ® VP-1 nanofluid. The 14 single-phase modelling approach is said to give reasonably accurate results for both low nanoparticle concentrations and for nanoparticle diameters smaller than 100 nm [49, 50] . The density was determined from the classic formula for conventional solid-liquid mixtures.
Whereas, the specific heat capacity was determined from the commonly used expression that assumes thermal equilibrium between particles and the surrounding liquid [51, 52] .
The nanofluid density is given by [51, 52] 
The nanofluid specific heat capacity is given by [51] [52] [53] (1 ) (25) The Bruggeman model [52, 56] , which considers interaction among spherical particles with various concentrations of inclusion, was used for modelling thermal conductivity of the nanofluid. The thermal conductivity obtained with the Bruggeman model compares very well with Maxwell's model of the classic effective medium theory which was shown to be accurate for well-dispersed particles in a benchmark study of thermal conductivities of nanofluids [57] . The Bruggeman model is applicable over a wide range of nanoparticle volume fractions, at low values of volume fraction, it gives values of thermal conductivity similar to those of the Maxwell's model.
The Bruggeman model gives the thermal conductivity as [52, 56] 0.25 (3 1) (2 3 ) 
Boundary conditions

Absorber tube heat flux profile
The actual thermal performance of the entire parabolic trough collector requires the use of realistic system geometrical and optical parameters. The realistic heat flux profile on the receiver's absorber tube is non-uniform in the tube's circumferential direction [11, 14] .
Similar to previous investigations [11, 16, 37] , this profile was obtained using ray tracing implemented in SolTrace, an open source ray tracing software developed by the National Renewable Energy Laboratory (NREL) [58] . In the ray tracing procedure, the sun shape was taken as Gaussian distribution with ζ sun = 2.6 mrad [58] , the maximum number of sun generated rays was set to 10 8 , and the desired number of ray intersections was set to 10 6 . A slope error of 3 mrad and a specularity error of 0.5 mrad were used for the parabolic trough mirror. These values are close to those in actual systems. In an optical characterisation of parabolic trough systems [59] , the average slope error of about 3.4 mrad was achieved. The other geometrical parameters of the parabolic trough system used are given in Table 1 . The validation of the ray tracing results was done in previous studies by Mwesigye et al. [11, 60] and will not be presented again.
In this study, a rim angle of 80 o and a geometrical concentration ratio of 113 were used. The geometrical concentration ratio was selected to give a system with a high concentration ratio compared to currently used commercial systems which have geometrical concentration ratios of about 82 [3] . Moreover, high concentration ratio systems are under development to reduce the cost of energy from parabolic trough solar collector technology such as the Ultimate Trough ® [8] and the SkyTrough ® [61] . A rim angle of 80 o was shown to be an angle beyond which there are no significant reductions in heat flux peaks and entropy generation rates [11] .
A direct normal irradiance (DNI) of 1 000 W m -2 was used in this study. The obtained heat flux profile was coupled to a computational fluid dynamics code as a heat flux boundary condition using a user-defined function. The heat flux distribution on the receiver's absorber tube is generally non-uniform and depends on the geometry of the collector and several optical errors present in the system. The dependence of heat flux on collector rim angle and concentration ratio was presented in Mwesigye et al. [11] . Sample variation of heat flux around the absorber tube's circumference at different values of collector slope errors and mirror specularity errors is shown in Fig. 3 . Generally, as slope errors increase less of the reflected rays will be intercepted by the receiver and thus the peak heat flux and average heat flux on the absorber tube reduce as shown in Figs 
Other flow and thermal boundary conditions
The other boundary conditions used are similar to those in Mwesigye et al. [37] , they are:
 A velocity inlet and pressure outlet at the absorber tube's inlet and outlet, respectively.
 No-slip and no-penetration for all receiver walls.
 Symmetry for the annulus space inlet and outlet. This is because there is no flow in the receiver's annulus space. With this, there are no normal gradients of flow variables.
 A symmetry boundary condition for the entire receiver due to the symmetrical nature of the received heat flux and of the flow inside the receiver.
 The heat transfer from the outer wall of the receiver was modelled using a mixed radiation and convection boundary condition. With this, the receiver is assumed to be surrounded by a large enclosure, the sky. The transfer of energy by radiation between the glass cover and the sky is given by the Stefan-Boltzmann law with the sky temperature given by [62] 1.5
0.0552
 Transfer of energy by convection heat transfer from the receiver to the surroundings was obtained by specifying a convection heat transfer coefficient as [63] 
The wind speed (V w ) is normal to the axis of the receiver, it was maintained at 2 m s -1 and the ambient temperature at 300 K for all cases.
For this study, the simulation parameters used, including collector geometrical parameters, environmental parameters, optical parameters and flow parameters are given in Table 1 . To accurately account for the thermal performance of the receiver, the emissivity of the receiver's absorber tube was taken to be temperature dependent. The receiver used in this study has characteristics of the PTR70 Schott's receiver. Therefore, the emissivity of the absorber tube coating was taken as given in Burkholder and Kutscher [10] 
In Eq. (30), T ro is the absorber tube temperature in degrees Celsius.
Numerical modelling procedure and code validation
Solution procedure
A numerical modelling approach was followed in this work to obtain the solution of the governing continuity, momentum and energy equations together with the boundary conditions. For this purpose, a commercial computational fluid dynamics tool ANSYS The SIMPLE algorithm was used for pressure-velocity coupling [65] . Second-order upwind schemes were used for the integration of the boundary conditions, together with the computational domain. To ensure a fully converged solution, the monitors for all residuals were monitored until they ceased changing for more than 150 iterations. The solution was fully converged when the scaled residuals for the continuity equation were less than 10 -4 , the scaled residuals for momentum, turbulent kinetic energy and turbulent dissipation rate were less than 10 -6 and less than 10 -8 for energy. Moreover, the integral value of the entropy generation rate remained unchanged for more than 100 successive iterations with the above convergence criteria. Equations (12) and (13) were written as custom field functions to give the entropy generation rates in the post processing stage of the computational fluid dynamics analysis.
The entropy generation rate was used to test the dependence of the solution on the computational grid (mesh) used according to Eq. (31). The solution was taken to be mesh independent when the percentage change in the entropy generation rate remained lower than 1% as the mesh size was reduced. Similar to our previous study [37] , a mesh size of 26% the absorber tube diameter in the flow direction and 3% of the absorber tube diameter in the tube's cross-section gave a mesh independent solution for all combinations of parameters used. The mesh used consisted of mainly hexahedral elements with a structured mesh (prism layers) in the absorber tube wall normal direction. The number of mesh elements was in the range 725,000 to 825,660 depending on the Reynolds number. High Reynolds numbers required very thin and more prism layers, thus a higher mesh count. 
Data reduction
The following parameters were used to present the results of this study. 
Where d ri is the receiver's absorber tube inner diameter, ρ nf is the nanofluid density, µ nf is the nanofluid viscosity and u m is the mean flow velocity.
The average heat transfer coefficient is given by
Where T ri is the average absorber tube inner wall temperature and T bulk is the heat transfer fluid bulk temperature given by (T 
Where λ nf is the thermal conductivity of the fluid.
The Darcy-Weisbach friction factor is defined as
To validate the results from the numerical model, several correlations and data available in literature were used. For friction factors in smooth tubes, the correlations used include the Petukhov's correlation [66] , given as
Another friction factor correlation obtained from Mwesigye et al. [16] was used. This is given Equation (40) 
In which, the volume fraction was non-dimensionlised as / 
For local determination of entropy generation rates, equations presented in Section 3.2 were used. The local entropy generation rates were then integrated over the entire computational domain according to Eq. (14) , to obtain the entropy generation rate for the entire computational domain. The volume integral of the entropy generation rate is available in the post processing stage of the computational fluid dynamics analysis.
Validation of numerical results
The results of this study have been validated with correlations and data available in literature.
First, the heat transfer performance was validated using the Gnielinski correlation [66] given by Eq. (38) and a correlation by Mwesigye et al. [16] given by Eq. (39). Good agreement was achieved for the entire range of inlet temperatures used in this study as shown in the scatter plot in Fig. 4 . The fluid friction from the present study was validated with the friction factor correlations by Petukhov [66] given by Eq. (36) and a correlation from Mwesigye et al. Present study Mwesigye et al. [16] Gnielinski correlation [66] Present study Petukhov correlation [66] Mwesigye et al. [16] Nu 

Error bars within 10% With the nanofluid models used, the Nusselt number correlations by Pak and Cho [67] and Mwesigye et al. [37] in Eqs. (40) and (41) To have confidence in the receiver thermal model, the thermal efficiency values of this study were compared with those obtained in experimental investigations by Dudley et al. [68] as shown in Fig. 7 . As shown, good agreement was achieved and the accuracy of the present model is significantly better than that obtained in a previous study where a non-realistic heat flux profile was used [69] . In this comparison, similar experimental conditions used by Dudley et al. [68] and a realistic heat flux profile were used in the numerical analysis, a SEGS LS-2 receiver was also used similar to the receiver in the experiments. After validating the receiver thermal model, the material properties of the receiver were switched to those of the Schott's PTR70 receiver used in this study. For the Schott's PTR70 receiver, the receiver thermal loss was compared with heat loss curves given by Dreyer et al. [70] . As shown in Present study Dudley et al. [68]  th (%)
Error bars within 5% 
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entropy generation model compares well with the analytical results of the Bejan expression [47] , given by Eq. (15) . The validation of the entropy generation model was given in earlier studies [69, 71] .
Results and discussions
Receiver temperature distribution
Following the non-uniform heat flux distribution on the receiver's absorber tube, the receiver's circumferential temperature distribution is expected to be non-uniform. Fig. 9, shows the temperature distribution in the receiver at an inlet temperature of 600 K, a flow 
Pressure drop
As shown in 
Thermal efficiency
As shown in sections 6.2 and 6.3, the increase in heat transfer performance as nanoparticle volume fraction increases is accompanied by an increase in pressure drop. The increase in pressure drop is much more pronounced at high Reynolds numbers and is much larger than the increase in heat transfer performance. To incorporate this increase in pressure drop in the performance assessment, Wirtz et al. [72] suggested an expression for thermal efficiency that considers both the increase in thermal performance as well as the effect of pumping power as:
In Eq. (43), the electrical efficiency, η el is introduced to convert the pumping power to the same form as the useful heat energy. The electrical efficiency of the power block η el used in Eq. (43) It can be seen from the figures that higher increase in thermal efficiency occur at high values of inlet temperatures. This is probably because, with the high concentration ratio used, high absorber tube temperatures will result and since the emissivity and thus receiver thermal loss increases with temperature, any reduction in absorber tube temperature due to heat transfer enhancement will lead to increased thermal performance. It can also be deduced from the figures that the thermal efficiency reduces and becomes lower than that in a tube using only the base fluid at lower flow rates for lower inlet temperatures and at higher flow rates as the inlet temperatures increase. This is likely due to the fact that at a given flow rate, the density and the viscosity of the heat transfer fluid reduce as temperatures increase and thus less pumping power requirements compared to when temperatures are low. As such, at high temperatures, there is a significant increase in receiver thermal performance and less pumping power requirements, thus higher increments in receiver thermal efficiency.
However, the thermal efficiencies are lower in magnitude at higher temperatures given that the receiver thermal loss is much higher at higher temperatures than at low temperatures. The With the use of nanofluids, the thermal efficiency increases up to 12.5%. The highest increase is at the highest temperature of 650 K and nanofluid volume fraction of 6%.
Entropy generation and thermodynamic analysis 6.5.1 Heat transfer and fluid friction irreversibilities
The entropy generation due to convective heat transfer in the receiver's absorber tube generally has two parts: the heat transfer irreversibility and the fluid friction irreversibility.
These two irreversibilities are always opposing. As the heat transfer irreversibility reduces, the fluid friction irreversibility increases. As shown in Fig.15 (a) 
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Conversely, the heat transfer irreversibility is much higher than the fluid friction irreversibility at low Reynolds numbers and reduces with increase in Reynolds number and nanoparticle volume fraction. To show which irreversibility contributes significantly to the entropy generation budget, the Bejan number is used. It is the ratio of the heat transfer irreversibility to the total entropy generation rate. With this definition, if the heat transfer irreversibility is dominant, the Bejan number is close to 1 while if the fluid friction dominates, the Bejan number is close to 0. The sample variation of Bejan number is shown in Fig. 16 (a) and 16(b) at inlet temperatures of 450 K and 550 K. As expected, the Bejan number is close to 1 at low Reynolds numbers where the heat transfer irreversibility is dominant. At high Reynolds numbers, the heat transfer irreversibility has reduced and the fluid friction irreversibility has increased significantly, thus, the Bejan number also reduces.
Also shown is that the Bejan number reduces with increase in the nanoparticle volume fraction, this is due to improved heat transfer performance as well as increasing pressure drop as volume fraction increases. The same trends shown in these figures exist and can be reproduced at other inlet temperatures.
Thermodynamic performance with nanofluids
To show the thermodynamic performance and potential for improved performance, the total entropy generation rate is used in this study. The total entropy generation rate is essentially a combination of the heat transfer and fluid friction irreversibility. As shown in Figs.17 (a) to 17(c), for temperatures 400 K, 500 K and 600K, there is a reduction in the total entropy generation rate with increasing volume fraction up to some Reynolds number. After which, increasing the volume fraction results in entropy generation rates much higher than that in a receiver with 0% volume fraction (only the base fluid). Flow rates lower than 45 m 3 h -1
guarantee Reynold numbers for which there will always be a reduction in the total entropy generation rate as the nanoparticle volume fraction increases at all inlet temperatures considered in this study.
Consistent with previous investigations [11, 69] , higher inlet temperatures give lower values of the total entropy generation rate for the same range of flow rates. This is due to the temperature dependent properties used. The heat transfer performance increases as the inlet temperature increase, thus lower heat transfer irreversibilities. Moreover, since the density and viscosity of the heat transfer fluid reduce with increasing temperature, the fluid friction irreversibility also reduces. In these figures, it is also shown that there is a Reynolds number for which the entropy generation rate is a minimum at each volume fraction an inlet temperature. This arises from the conflicting nature of the heat transfer and fluid friction irreversibilities. The presence of an optimal Reynolds number for which the entropy generation rate is a minimum is clearly shown in Figs. 17(a) -17c) . The optimal Reynolds number decreases as the volume fraction increases. Beyond the optimal Reynolds number, the total entropy generation rate increases with increasing Reynolds number due to much higher increase of the fluid friction irreversibility. Operating at Reynolds numbers beyond this point will not result in any improvement in the receiver thermodynamic performance.
The entropy generation rate reduces by about 30 % as the volume fraction increases from 0%
to 6% with the largest reductions achievable at the lowest inlet temperature used and when Reynolds numbers are low.
Conclusion
In this study, the thermal and thermodynamic performance of a parabolic trough receiver using Cu-Therminol by 8%, 18% and 32% as the nanoparticle volume fraction increases from 0% to 2%, 4%
and 6%, respectively.
ii.
Using an expression that incorporates the pumping power in the commonly used equation for thermal efficiency, the thermal efficiency is shown to increase by up to 12.5% at a volume fraction of 6%. Significant improvements in thermal efficiency are achievable at low flow rates/Reynolds numbers for all temperatures considered. The highest increase in thermal efficiency is obtained at the highest inlet temperature considered.
iii. Using the entropy generation minimisation method, it has been shown that the use of nanofluids improves the thermodynamic performance of the receiver for some range of
Reynolds numbers. Beyond a certain Reynolds number using nanofluids makes the entropy generation higher than that in a receiver with only the base fluid. Significant reductions in the entropy generation rates are observable at low Reynolds numbers where the heat transfer irreversibility is much higher than the fluid friction irreversibility. With flow rates lower than 45 m 3 h -1 entropy generation rates reduce between 20 -30% as the volume fraction increases from 0 to 6%.
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